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ABSTRACT 
Lewis J. Thomas 
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Schenectady, NY 12301 
The attenuation and velocity of ultrasound in epoxy resins have been shown to 
provide a reliable method of determining the degree of cure of the resin. Most au-
thors have used broadband techniques for measuring velocity of a resin. While broad-
band measurements inherently provide more information than narrowband, difficulties 
in achieving sufficient bandwidth to clearly identify echoes of interest has led to the 
application of digital filters to separate the individual echoes. 
In this work, a measurement system is described which uses the resin as a nar-
rowband acoustic resonator which is placed in the feedback loop of an amplifier. Us-
ing gain control, the system is allowed to marginally oscillate. The frequency of oscil-
lation depends on the velocity of sound in the resin, while the gain necessary to main-
tain stable oscillations depends on the attenuation of the resin. The use of a nar-
rowband resonant technique results in a measurement system which is accurate, 
stable, and may be produced at reasonable cost. 
INTRODUCTION 
The structural properties of polymeric matrix composite materials depend critically 
on the proper curing of the composite. Traditionally the temperature of the composite 
has been the only parameter used for process control of the cure cycle. Recently, 
however, dielectric measurements (which are primarily measurements of the mobility 
of ions in the polymer) have been used to monitor the curing of polymeric compos-
ites. Although dielectric cure monitoring techniques have been rather successful, and 
are well accepted in the industry, the primary characteristics of a composite which 
change during the cure cycle are the elastic properties. Therefore, it would be valuable 
to monitor these elastic properties during the cure cycle using ultrasound. 
Several authors U-41 have investigated the use of ultrasound to monitor the curing 
of polymer matrix composites. Winfree and Parker U-21 have used the velocity of 
longitudinal wave broadband pulses transmitted through the composite as a measure 
of the moduli of the matrix, and have related the change in moduli to the degree of 
cure. Bujard et a1. [3] used changes in the resonant characteristics of a shear mode 
piezoelectric element due to loading of the element by the polymer to monitor changes 
in the viscosity of the polymer during curing. Harrold and Sanjana [4] used an em-
bedded acoustic waveguide to monitor changes in the acoustic impedance of the poly-
mer during the cure cycle. 
Each of these techniques presents difficulties. Transmitting broadband pulses 
which are short enough to allow clear separation of various echoes is difficult; there-
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fore, digital filters must be used to process the received signals [5]. Although the 
loading of a piezoelectric element by the polymer is quite easy to determine, this tech-
nique requires that the piezoelectric element be in contact with the epoxy in order to 
achieve results which are unambiguous. This requirement makes design of practical 
dies difficult. Finally, although the use of acoustic waveguides is perhaps technically 
the most practical technique available, one must be concerned about the effects of em-
bedded sensors on the material properties. 
This paper examines the use of a narrowband technique for determining the veloci-
ty and attenuation of ultrasound in the composite using a resonant technique known 
as a marginal oscillator. Because this technique uses the composite as one component 
of a resonator, small changes in velocity and attenuation may be determined quite ac-
curately. 
DESCRIPTION OF MARGINAL OSCILlATOR 
The marginal oscillator is widely used in nuclear magnetic resonance studies. It 
was adapted for use in nuclear acoustic resonance work by Menes, Malmberg, and 
Bolef [6-7]. The use of an acoustic marginal oscillator in the transmission 
configuration used in this work was first reported by Conradi et al. [8]. 
In its simplest form, a marginal oscillator consists of a resonate sample, trans-
mitting and receiving transducers, with an amplifier feeding the received signal back to 
the transmitter (see Figure 1). The two transducers and the sample may be con-
sidered a feedback loop for the amplifier. At certain frequencies (even harmonics of 
the resonant frequency of the sample) signals will have zero phase shift across the 
feedback loop; therefore, at these frequencies the loop represents a positive feedback 
path. If the gain of the amplifier is greater than the attenuation of the sample, then 
the signals of appropriate frequency will increase in amplitude until some nonlinear 
response of the amplifier (usually clipping at the power supply levels) reduces the gain 
of the amplifier. 
SAMPLE 
RECEIVER TRANSMITTER 
IN OUT 
Figure 1. Simple marginal oscillator 
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In order to determine the attenuation of a sample using a marginal oscillator, the 
system shown in Figure 1 must be modified slightly. Figure 2 shows a marginal oscil-
lator system to which an amplitude control feedback loop has been added. The ampli-
tude detector shown in Figure 2 (which may be as simple as a series diode and a ca-
pacitor to ground) is used to adjust the gain of the amplifier such that the amplitude of 
the output signal from the amplifier is constant. (Amplifiers for which the gain can be 
controlled by an external voltage are usually referred to as automatic gain control, or 
AGe amplifiers.) For this condition to occur, the gain of the AGe amplifier must be 
equal to the attenuation of the sample and other losses in the feedback loop. As the 
attenuation of the sample changes, a compensating change in the gain of the AGe 
amplifier will occur. Therefore, the attenuation of the sample can be monitored sim-
ply by recording the gain of the AGe amplifier (which is usually done by recording the 
level of the gain control voltage). 
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Figure 2. Marginal oscillator with amplitude control for determination of both velocity and 
attenuation 
For many applications, the marginal oscillator system shown in Figure 2 is 
sufficient for monitoring the changes in the velocity (through changes in the resonant 
frequency) and attenuation of a sample. However, for the application of monitoring 
the curing of a polymeric matrix composite, problems which result from the fact that 
the ultrasonic system will be operating at approximately the twentieth harmonic of the 
sample (for reasons which will be apparent later) must be overcome. In order to in-
sure that only one harmonic of the resonate frequency is selected for the marginal os-
cillator to work at, and that this harmonic is tracked over the cure cycle, a bandpass 
filter that is automatically tuned to the correct center frequency is placed before the 
amplifier (see Figure 3). 
The bandpass filter shown in Figure 3 is automatically tuned using a technique 
similar to one described by Pound [9] to lock a klystron oscillator to a sample cavity. 
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In general these techniques are often referred to as "phase locked loops." This 
scheme introduces a small frequency modulation into the signal, which results in an 
amplitude modulation after the signal has been passed through a bandpass filter. The 
resulting amplitude modulation is detected by a lock-in amplifier, the output of which 
is fed back to the frequency control of a local oscillator. This local oscillator is used to 
mix the input signal to an appropriate intermediate frequency for the band pass filter. 
R.F._ 
IN ~I 
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Figure 3. (a) Marginal oscillator with bandpass filter 
(b) Automatically tuned bandpass filter 
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EXPERIMENTAL APPARATUS 
The geometry of the sample to be studied in this work is shown in Figure 4. The 2 
mm layer of epoxy was used to simulate a composite, and the steel around the epoxy 
is similar in dimension to the platens of a typical die used in curing composite parts. 
Because of the rather thick pieces of steel surrounding the epoxy, the resonant fre-
quency of the entire assembly will be approximately 100 kHz for longitudinal acoustic 
waves. (In this study we only present results obtained using longitudinal mode ul-
trasound.) 
The center frequency of the transducers chosen for this work was around 2 MHz. 
This allows use of a relatively narrowband transducer, since the harmonics of the 
resonant cavity are spaced by 5% of the center frequency of the transducer. The 
disadvantage of using an arrangement in which a relatively narrowband transducer can 
be used is that the automatically tuned bandpass filter described earlier is necessary. 
However, developing a broadband transducer for in process cure monitoring is 
sufficiently difficult that the increased complexity of the instrumentation required for 
using a transducer of modest bandwidth is acceptable. 
RESULTS 
STEEL 
38mm 
EPOXY 
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13mm 
- -2mm 
Figure 4. Sample geometry 
In Figure 5 the resonate frequency of the sample is shown during a room tempera-
ture cure. The changes in the velocity of sound in the epoxy are evident in this 
figure. The accuracy of the frequency measurement is approximately 100 Hz. Because 
the sample has several components (two pieces of steel plus the epoxy) one cannot 
formally treat it as a single component resonator. However, because the least at-
tenuated resonance is that which is a harmonic of the lowest resonant mode (which 
has a half wavelength equal to the length of the sample), we will treat the sample as a 
simple resonant element with a velocity of sound equal to the average velocity of 
sound in the sample. 
Althouih we do not necessarily know the harmonic of the fundamental resonate 
frequency which is measured by this system, the change in the average velocity of the 
sample (epoxy and steel) is related to the measured frequencies by: 
. /(t) 
v(t) = v (0) /(0) (1) 
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Figure 5. Resonant frequency during curing of epoxy at room temperature 
where v is the velocity of sound as a function of time and I is the frequency of the 
nth harmonic as a function of time. If we know the average velocity of the sample at 
the start of the cure (which can be determined from the frequency spacing of the har-
monics of the resonate frequency, see appendix) Equation 1 can be used to determine 
the absolute velocity. We note that for many applications, the absolute velocity may 
not be required; in these cases the initial determination of velocity is not necessary. 
CONCLUSION 
The results presented in Figure 5 clearly show the capability of the measurement 
system presented here to monitor changes in the velocity of ultrasound during the 
curing of epoxy. We suggest that these results indicate that these techniques may be 
used to produce a simple, reliable system for monitoring the degree of cure in polym-
eric matrix composites. Although the results presented here were obtained using only 
longitudinal waves, the techniques discussed could be just as well applied to shear 
waves. (Note: if shear waves are used, one may not achieve sufficient transmission 
through a uncured composite; however, shear waves are likely to be more sensitive to 
the degree of cure during the later stages of the cure cycle.) We conclude that nar-
rowband techniques for monitoring the curing of polymeric matrix composites appear 
promising, and that the marginal oscillator represents one particularly simple method 
of applying continuous wave techniques to this problem. 
APPENDIX: DETERMINATION OF ACOUSTIC VELOCITY FROM ADJACENT 
RESONANCES 
For an isolated acoustic resonator, the mechanical resonances occur at frequencies 
which satisfy: 
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nv 
In == 2i (A.I) 
where in is the nth harmonic of the resonant frequency, v is the velocity of sound in 
the sample, and I is the length of the sample. In order to determine the velocity of 
sound from the frequency of two adjacent resonances, Equation A.l may be extended 
to: 
v = 2/(jn+l - in)· (A.2) 
Equation A.2 is correct for an isolated resonator, but in fact, one usually measures the 
resonant frequencies of a sample with transducers bonded to the sample. 
In some cases, correction for the effects of the transducers on the sample must be 
applied. Bolef and Menes [10] derived a correction for Equation A.2 which is given 
by: 
v = 2/(jn+l - in) (1 + 28) 
where 
(A.3) 
Ptlt 8=-
Psis 
where P is the density and I is the length of the transducers and sample (indicated by 
the t and s subscripts). Equation A.3 is accurate to about 1 % if 8 is less than 0.01. 
For cases where 8 is greater than 0.01, a more complicated expression derived by 
Ringermacher et al. [11] must be used. 
Finally, we note that the marginal oscillator will only oscillate at even harmonics of 
the resonate frequency (due to the requirement of zero phase shift across the feed-
back loop), therefor, equation A.2 should be written as: 
v = I (jn+2 - in). (A.4) 
where we recognize that the nth and nth+2 resonances are adjacent when a transmis-
sion marginal oscillator is used. 
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